reduced to Fe 3+ and subsequent oxidation of Fe 3+ seems to promote the CO 2 reduction. Overall, these promising results of BCNFs, displaying redox activity at significantly lower temperatures compared to state-of-art ceria for CO 2 reduction, show great potential for their use in renewabledriven fuel technologies.
Introduction
CO 2 emission from fossil fuel combustion has been considered as a major threat for climate change. At present, over 75% of world energy demand is generated using fossil fuels, which releases large amounts of CO 2 and will continue to rise unless major steps are taken to mitigate CO 2 emissions. Among other greenhouse gases, CO 2 is a highly stable molecule and is very difficult to be converted into other useful chemicals. However, a large number of chemical manufacturing processes have also been developed for converting CO 2 into useful fuels such as CO + H 2 and CO. Furthermore, electrochemical methods have been considered to convert CO 2 into valuable chemicals, including CO, 1,2 methanol, 3, 4 ethanol, 5 and formaldehyde. 6 Most of these methods are energy intensive and also require ultra-high pure CO 2 . CO 2 is photochemically reduced to store energy by natural processes; mimicking this process remains one of the great challenges in modern chemistry. 7, 8 It is commonly understood that the critical hindrance is to activate CO 2 into the CO 2 • radical intermediates that can be reconverted further into useful fuels.
Currently, many electrocatalysts based upon metal oxide-derived nanostructured materials have been investigated intensely to lower the over-potential for CO 2 reduction.
9-12
Here, we report a thermochemical splitting of CO 2 using a mixed ion and electron conducting (MIEC) perovskite-type Ba 2 Ca 0.66 Nb 1.34-x Fe x O 6-δ (BCNF), where solid carbon was deposited along with the production of CO and oxygen. The pretreatment of BCNF followed by CO 2 conversion both were performed at significantly lower temperature (700 °C) compared to conventional metal oxides that operate at 1200-1400 o C. [13] [14] [15] [16] Additionally, we have not used any external potential difference to drive the CO 2 conversion reaction -making BCNF a highly promising alternative for renewable-derived carbon-neutral fuel production at significantly lower temperatures compared to state-of-art materials. [13] [14] [15] [16] [17] [18] [19] In particular, this discovery could have potential applications to regenerate low-cost fuels by integrating with solar energy to provide the heat source for the thermochemical process.
Experimental
Perovskite Aesar) and Fe 2 O 3 (99+%, Alfa Aesar). These precursor powders were mixed together in an appropriate amount of ethanol (typically ~15-20 mL) followed by ball-milling (Pulverisette, Fritsch, Germany). The obtained mixture was calcined in air at 1000 °C and resultant powders were ball-milled again for 4 h and dried in air. The powders were pressed into pellets by applying in isotactic pressure of 200 MPa. The pressed pellets were sintered at 1400 °C using a high-temperature furnace (Carbolite RHF16/3, England) in air.
Powder X-ray diffraction (PXRD) (Bruker D8 Advance; Cu Kα, 40 kV and 40 mA; 0.02° step scan width and 6s counting time per step) was performed to confirm the formation of double perovskite-type structure for BCNF. BCNF pellets were crushed and ground into a fine powder for PXRD measurements. Scanning electron microscopy (SEM) (Philips XL30 SEM) was used to study the microstructure of the BCNF pellets. Temperature programmed oxidation (TPO) of BCNF samples was carried out in a CHEMBET 3000 (Quantachrome Instruments) instrument for as-prepared and CO 2 -treated samples. BCN and BCNF samples were pre-treated with Ar (5.0 grade from Praxair, Canada) (O 2 content ~1 ppm) for 12 h at 700 °C prior to exposing CO 2 gas.
He gas (UHP grade from Praxair, Canada) was purged at 15 cc/min before oxidation at ambient temperatures for 30 min. The sample was then heated up to 900 °C (10 °C/min) under 5% O 2 in
He atmosphere flowing at 20 cc/min. The gases consumed (O 2 ) or produced (CO 2 and H 2 O) were monitored using thermal conductivity detector (TCD) and mass spectroscopy (MS). 57 Fe Mössbauer spectra were recorded at 298 K in constant acceleration mode using a ca.
Co/Rh source and a helium closed-cycle cryorefrigerator. All the spectra were computer fitted and the chemical isomer shift data are quoted relative to metallic iron at room temperature.
Raman measurements were recorded in backscattering geometry on selected planes of the single crystals using a DILOR XY spectrometer with excitation through an X50 microscope objective lens. Entrance and exit polarizers were used to minimize polarization losses.
All ab initio calculations of the (100) surface of BCNF and the adsorption of CO 2 to this surface are performed using Vienna Ab initio Simulation Package (VASP), 20 with the PBE class of generalized gradient approximation (GGA-PBE) exchange-correlation potentials. 21 For calculating the energy of a structure, a relaxation is first performed at an energy cutoff of 400 eV with a k-mesh of 1×1×1, and then energy values are read from a single-point calculation with a denser k-mesh of 3×3×1. The DFT+U 22 scheme is applied both to obtain more accurate results as well to facilitate convergence. The U value for Fe ions is set to be 4.9, 23 while the U value for Nb is set to 2.0. 24, 25 To set up a surface model, the experimentally determined bulk structure is used to create a 1×1×2 super-cell fixing the two bottom layers with experimental lattice parameters as well as atomic positions, while the two top layers are allowed to relax. A vacuum slab of 10Å thickness is inserted above the top layer in order to minimize the effect of periodic boundary conditions along the c-axis. The composition of the compound with all sites occupied Due to the nature of mixed occupancy in this material, on any site of mixed occupancy one type of cation is assigned randomly, with a probability equal to the chosen occupancy, while keeping the stoichiometric ratio close to the bulk value.
Results and discussion

Structure and Phase Stability
All as-prepared Table S1 . In contrast, BCNF66
showed no change in its original structure even with pure CO 2 exposure under the same conditions ( Fig. S1A ). Typical scanning electron microscopy (SEM) images coupled with energy dispersive X-ray (EDX) analysis of as prepared and CO 2 -treated BCNF are shown in Figure 1 . members under all the investigated conditions. To substantiate the role of Fe in BCNFs for the conversion of CO 2 to C, a blank test with quartz glass (our gas-tight heating chamber) was done with pure CO 2 under similar conditions as was done for all BCNFs (700 °C for 24 h). The SEM/EDX results of quartz glass before and after exposing CO 2 are shown in Fig. S2 and confirm no C formation on it. As these MIECs were initially studied as p-type CO 2 gas sensors, 26, 27 we anticipated interesting results on the formation of C by applying an external voltage (~100 mV). However, no differences were found between the Fe-doped BCNF66s, with and without applying any external potential difference, regarding the C formation on its surface ( Fig. S3 ), suggesting that the observed CO 2 reduction is a thermochemical reduction.
Temperature-programmed oxidation (TPO) analysis on CO 2 treated BCNF.
The deposition of C was further verified using temperature-programmed oxidation (TPO) of signal at around 600 °C (~48 mins in Fig. 2A ) correspond to oxidation, which is likely due to Fe in the presently studied system. The maxima in TCD after 640 °C (~52 mins. in Fig. 2A ) indicate CO 2 gas that is evolved during the oxidation of C present in the BCNF. According to the CO 2 signal in MS results (Fig. 2B) , the initial peak at ~400 °C (~30 mins) for BCNF100 (blue line)
can be ascribed to amorphous carbon, whereas x = 0.34 and x = 0.66 members in BCNFs exhibit mostly graphitic carbon. 28 The amount of evolved CO 2 as assessed from the peak area in Fig. 2A indirectly shows the total amount of coke deposited while passing pure CO 2 prior to TPO-MS For further confirmation on the effect of Fe content in BCNF, TPO and MS are carried out simultaneously. Figure 3A shows the TCD signals for TPO measurements, whereas the corresponding real-time MS data is illustrated as Figure 3B . Note that all samples were pretreated with Ar at 700 °C before being exposed to CO 2 . The green line represents the Fe-free °C, thus indicating that as-prepared BCNF66 does not have any carbon, as compared to CO 2 pretreated BCNF66 and thus indicating that coking occurs only after introducing CO 2 at elevated temperature.
57 Fe Mössbauer spectroscopy and Raman spectroscopy
To understand the role of Fe on CO 2 reduction and the nature of the carbon, 57 Fe Mössbauer spectroscopy and Raman spectroscopy were performed. 57 Fe Mössbauer spectra recorded for asprepared BCNF materials were best fitted to two quadrupole split absorptions together with single line absorption of low intensity (Fig. 4) Figure 6E , which shows few bright spots (~1μm) in Raman images of disordered graphitic carbon deposited on BCNF66 after CO 2 -treatment (#1 and #3). However, the relatively darker spots (#2 and #4) near brighter ones in CO 2 -treated BCNF66 suggested that the formation of carbon occurs randomly on the material's surface. In the next step, the CO 2 -treated BCNF66 was further oxidized at 900
°C for 12 h and the Raman spectra was analyzed again, where no traces of carbon were detected as anticipated from previous SEM/EDX and TPO-MS data. The sample with the maximum Fe incorporation in BCNF (i.e. BCNF100) yields an additional peak at 1087 cm -1 (Fig. 6B ) that refers to the carbonate ion vibration. 39 SEM/ EDX data on BCNFs also agree with this result,
where we see new phase formation, possibly alkaline earth carbonates, leading to many cracks on the surface (Fig. S5) . The images for BCNFs before CO 2 -treatment were also taken using Raman spectroscopy measurement. The images for Fe-free BCN (x = 0) (Fig. S6A ), and BCNF with x = 0.33 ( Fig. S6B ), x = 0.66 (Fig. S6C) , and x = 1 (Fig. S6D) showed no carbon deposition on their surface. In contrast, BCNF66 exposed to pure CO 2 appeared to have carbon deposited on its surface (Figs. S6E, F) .
Possible Mechanism of CO 2 reduction on BNCF
The key result of this study is the observation of the thermochemical reduction of CO 2 to C, where the process is facilitated by the presence of Fe (the level of C formation increases with increasing Fe content). In addition to the production of C, the mechanism of CO 2 splitting also involved CO and O 2 as products (Fig. S7) (Fig. S8 ). These vacancy sites may act as centers to allow the adsorption of CO 2 from the gas feed. A number of perovskite oxides, particularly those containing Ba on the A-site, have been shown to exhibit strong propensity to accommodate. 40 The conversion of CO 2 to (Fig. S1 ).
In general, the following reactions are thermodynamically viable and often used to show the CO 2 splitting process using reduced metal oxides (MOs) 14, 18 :
The net reaction is:
A subsequent possible reaction on C deposition by using metal oxide, in particular iron oxides, has also been explored Tamaura et al. 
The net reaction in this case is:
In the present study, we believe that Fe sites may have been involved in a redox reaction under the continuous flow (100 sccm) of Ar for 12 h (Fig. S8) , which can be expressed as:
The formation of carbon upon exposure to CO 2 can be expressed using the chemical reaction.
0.5CO
Based on DFT calculations of various arrangements of cations on the surface, it is found that an
Fe-rich and Nb-depleted surface with Ca:Nb:Fe = 1:0:3 is more stable when compared to surfaces with compositions approximating the bulk composition. A surface fully occupied by Fe is, on the other hand, very unstable and tends to restructure (Table S3) Compared to defect-free surfaces, surfaces containing vacancies are more stable with respect to O 2 ( Fig. 6 and Table S4 ). Computations of the adsorption process of CO 2 to various surfaces show that, except for the formation of a 2 3 CO  group, the most stable configuration involves the formation of a 2O-C-Fe trigonal planar configuration with ΔE = -1.140 eV (Fig. 6 ).
Removing O from this configuration is not favorable because it requires higher energy (ΔE = 1.617 eV). Considering this, the Fe-C bond can be formed energetically; however, the decomposition of such absorbed CO 2 is still a subject of debate. In addition, the adsorption of 2 CO 2 molecules on same Fe-site is unlikely to occur due to the high associated ΔE ~ 4.089 eV compared to the adsorption energy of 2 CO 2 into 2 nearby vacancies (ΔE ~ 0.358 eV). To conclude, the dissociation of CO 2 molecules into solid C can be summarized as following;
• Whether the concentration of CO 2 is in ppm or %, the formation of carbon was inevitable in Fe-doped BCNFs.
• The presence of oxygen vacancies on the surfaces and the adsorption of CO 2 near Fe on such surfaces are thermodynamically preferred.
• The dissociation of CO 2 and the strong interaction of Fe-C may lead to the addition of extra oxide ions into the BCNF, where BCNF being MIEC could eventually increase the total conductivity. 26 The above results are highly significant as there have only been a few reports from early 1990 on CO 2 to C, CO, and O 2 conversion using activated magnetite 17, 41 and transition metaldoped ferrites, [42] [43] [44] but no studies have been reported on the direct CO 2 thermal-decomposition to elemental carbon using a material with the double-perovskite structure. Nevertheless, Mn-based perovskites have been extensively explored for the solar-driven thermochemical generation of synthetic gas. 15, 45 The high oxygen exchange capacity of Mn-based perovskites has made them attractive to enhance the process efficiency (η solar-to-fuel ) at lowers the temperature (~1200 °C vs.
~1500 °C of ceria). [46] [47] [48] Also, Ni and Co-doped ferrites have also been studied to decrease the temperature (<1000 °C) for the reduction of metal oxide, which subsequently improve the efficiency of solar thermochemical CO 2 -splitting. 49, 50 Furthermore, CO 2 to C and CO conversion using oxygen-deficient magnetite involved an essential initial step where H 2 is used in all cases to reduce the material first. 17, 42, 43, 51, 52 In contrast, our method directly converted CO 2 into C in one experimental step without any pre-treatment with expensive gaseous species such as H 2 .
Furthermore, the evolution of CO gas along with C formation provides the possibility to develop the materials for carbon-neutral synthetic fuel production with additional reactants (e.g., H 2 O, H 2 ) in place with CO 2 , utilizing renewable-energy for heating the system to the operating temperature.
Conclusions
Carbon build-up on Fe-doped perovskite was observed and confirmed using scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX) studies on pre-treated (Ar, 700 °C) BCNFs. The thermal conductivity detector (TCD) signals using temperature programmed oxidation and mass spectra (TPO-MS) method added further evidence on the presence of carbon by heating the CO 2 pre-treated BCNF samples up to 900 °C and measuring the MS signals simultaneously. The lack of any solid carbon deposition on samples without Fe confirmed Fe's importance on the CO 2 reduction process. The creation of oxygen vacancies in BCNF by Fedoping and its effect on the carbon formation was also discussed, and it is proposed that the changes in oxidation states with respect to changes in oxygen vacancy levels in these nonstoichiometric perovskites are key steps in the process. The C coating may provide a promising feature of these materials that could be used on their own at relatively low temperature Table S4 ), the most stable of the studied oxygen-defect containing surfaces, D1 (mid row, see also Table S4 ), and the formation of 2O-Fe-C group on Fe-rich surface D9 (bottom row, see also Table S4 ). In all cases the CO 2 molecule (left) is bent to form a trigonal planar group (right).
